Synapsin I (SynI) is a synaptic vesicle (SV) phosphoprotein playing multiple roles in synaptic transmission and plasticity by differentially affecting crucial steps of SV trafficking in excitatory and inhibitory synapses. SynI knockout (KO) mice are epileptic, and nonsense and missense mutations in the human SYN1 gene have a causal role in idiopathic epilepsy and autism. To get insights into the mechanisms of epileptogenesis linked to SYN1 mutations, we analyzed the effects of the recently identified Q555X mutation on neurotransmitter release dynamics and short-term plasticity (STP) in excitatory and inhibitory synapses. We used patch-clamp electrophysiology coupled to electron microscopy and multi-electrode arrays to dissect synaptic transmission of primary SynI KO hippocampal neurons in which the human wild-type and mutant SynI were expressed by lentiviral transduction. A parallel decrease in the SV readily releasable pool in inhibitory synapses and in the release probability in excitatory synapses caused a marked reduction in the evoked synchronous release. This effect was accompanied by an increase in asynchronous release that was much more intense in excitatory synapses and associated with an increased total charge transfer. Q555X-hSynI induced larger facilitation and post-tetanic potentiation in excitatory synapses and stronger depression after long trains in inhibitory synapses. These changes were associated with higher network excitability and firing/bursting activity. Our data indicate that imbalances in STP and release dynamics of inhibitory and excitatory synapses trigger network hyperexcitability potentially leading to epilepsy/autism manifestations.
INTRODUCTION
Synapsins (Syns) are synaptic vesicle (SV) phosphoproteins that play multiple roles in synaptic transmission and plasticity (1) . Syns are implicated in the regulation of SV trafficking between the reserve pool (RP) and the readily releasable pool (RRP) and in facilitating the post-docking steps of release. Although widely expressed, Syns differentially affect crucial steps of presynaptic physiology in excitatory and inhibitory synapses. An impairment of inhibitory function and a facilitated excitatory transmission were observed in mice constitutively lacking SynI, SynII, SynI/II or SynI/II/ III, resulting in network hyperexcitability (2 -6) . This aspect is particularly interesting because dysfunctions of GABAergic neurons and an excitation/inhibition (E/I) imbalance contribute to numerous neuropsychiatric phenotypes, including epilepsy, autism spectrum disorder (ASD) and Rett's syndrome (7 -11) . Accordingly, the same strains of Syn knockout (KO) mice display an overt epileptic phenotype associated with behavioral disturbances, including specific defects in social interactions suggestive of an ASD phenotype (12, 13) .
Nonsense and missense mutations in SYN1 were recently identified in epileptic and ASD patients (14) , strengthening the hypothesis that a disturbance of synaptic homeostasis underlies the pathogenesis of both diseases. Because SynI is a key regulator of SV trafficking and short-term plasticity (STP) with distinct roles in inhibitory and excitatory synapses (2 -5) , an alteration of its function could differentially affect the STP responses of excitatory and inhibitory synaptic transmission.
We used patch-clamp electrophysiology coupled to electron microscopy and multi-electrode arrays (MEA) to define the physiological impact of the Q555X mutation at excitatory and inhibitory terminals of primary SynI KO hippocampal neurons in which either wild-type (WT) or mutant human SynI (hSynI) was expressed by lentiviral transduction. We identified distinct physiological changes in quantal parameters, release dynamics and STP at inhibitory and excitatory synapses. A decrease in synchronous glutamate and GABA release was paralleled by an increase in asynchronous release that was much more intense in excitatory synapses and by an excitation/inhibition (E/I) imbalance in response to STP paradigms. These imbalances triggered an overt hyperexcitability compatible with a causal role of Syn I mutations in the development of epilepsy and ASD.
RESULTS

Q555X-hSynI differentially affects SV distribution in inhibitory and excitatory terminals
To test the physiological effects of the mutation, we investigated whether the expression of Q555X-hSynI could alter the density and ultrastructure of excitatory and inhibitory synapses. Mouse and human SynI are highly homologous, and reintroduction of hSynI was found to rescue the defects in SV trafficking of SynI KO neurons (14) . Primary SynI KO hippocampal neurons were infected with lentiviral vectors encoding for either WT-or Q555X-hSynI. Analysis of green fluorescent protein (GFP) immunostaining showed that the vast majority of the neurons (80 -90%) were transduced and that the overall expression levels of WT-and Q555X-hSynI isoforms were comparable ( Fig. 1A ; Supplementary Material, Fig. S1 ). As previously reported (14) , the nerve terminal targeting of hSynI was not affected by the Q555X mutation. Colocalization analysis of hSynI with the presynaptic marker's vesicular GABA transporter (VGAT) and vesicular glutamate transporter-1 (VGLUT1) also revealed no differences in the GFP intensity in both inhibitory and excitatory terminals expressing either WT-or Q555X-hSynI ( Fig. 1A and B) . Moreover, the expression of either hSynI isoform had no effect on the density of excitatory and inhibitory synapses labeled by VGLUT1 and VGAT, respectively ( Fig. 1A and C) or on the ratio between excitatory and inhibitory synapses (Supplementary Material, Fig. S1 ).
Electron microscopy was used to evaluate the density and distribution of SVs in presynaptic terminals from 'asymmetric' excitatory and 'symmetric' inhibitory synapses expressing either WT-or Q555X-hSynI ( Fig. 1D -I ). Both excitatory and inhibitory terminals expressing Q555X-hSynI exhibited a general architecture similar to WT-hSynI-positive synapses ( Fig. 1D and E) . Morphometric analysis showed a significantly decreased total SV density in inhibitory terminals expressing Q555X-hSynI with respect to WT-hSynI terminals, an effect that was mostly due to a marked reduction in the pool of SVs more distant from the active zone (AZ; Fig. 1F ). On the contrary, expression of Q555X-hSynI did not affect either the total SV density or the SV distribution in excitatory synapses (Fig. 1G) . Although the number of docked SVs in inhibitory synapses expressing Q555X-hSynI was not affected (Fig. 1H) , the expression of Q555X-hSynI increased the number of docked SVs in excitatory synapses (Fig. 1I ).
Q555X-hSynI equally impairs excitatory and inhibitory basal transmission
Next, we investigated whether the expression of Q555X-hSynI could alter the functional properties of excitatory and inhibitory synapses. Because SynI plays pre-and post-docking roles in synaptic transmission (2-4,15,16), we analyzed single-evoked inhibitory (eIPSCs) and excitatory post-synaptic currents (eEPSCs) in WT-hSynI and Q555X-hSynI expressing neurons. In both synapse types, Q555X-hSynI expression was associated with a decrease in the amplitude of single eIPSCs and eEPSCs and a parallel increase in latency, suggesting a potential alteration of the SV fusion mechanisms ( Fig. 2A and B; Table 1) .
No changes in miniature EPSC (mEPSC) and miniature IPSC (mIPSC) amplitude, as well as in their rise and decay times, were observed in synapses expressing either WT-hSynI or Q555X-hSynI ( Fig. 2C and D ; Table 1 ), thus excluding post-synaptic effects. However, whereas mIPSCs frequency was not affected, mEPSC frequency was significantly decreased in Q555X-hSynI synapses (Fig. 2D) . Quantal size and PSC kinetics were unaffected in all cases, whereas the coefficient of variation (CV) of eEPSC amplitudes was selectively increased. Because the number of excitatory synapses was unchanged, these results suggest that a reduction in the probability of release (Pr) may occur at Q555X-hSynI excitatory synapses.
Q555X-hSynI differentially affects release dynamics at inhibitory and excitatory synapses
Synchronous neurotransmitter release is directly coupled with action potentials (APs), whereas asynchronous release is a delayed release due to Ca 2+ accumulation in the presynaptic terminal, following a train of APs (17) (18) (19) . Cumulative amplitude and cumulative charge analyses were performed to calculate Pr and the size of synchronous RRP (RRP syn ) and asynchronous release, respectively ( Fig. 3A-D ; Supplementary Material, Fig S2) .
Although Pr was not affected in inhibitory synapses expressing Q555X-hSynI, it was significantly decreased in excitatory synapses ( Fig. 3E and F) , as expected from the CV analysis (Table 1) . In inhibitory synapses, Q555X-hSynI markedly decreased RRP syn and concomitantly increased the asynchronous charge (Fig. 3E ). Due to these opposite effects, no differences were observed in the total charge RRP (RRP tot ; Fig. 3C and E). In excitatory synapses, Q555X-hSynI did not change the size of RRP syn , but strongly increased the asynchronous Figure 1 . Expression of mutant hSynI alters SV distribution in presynaptic terminals. (A) Expression and distribution of the GFP-labeled hSynI in inhibitory and excitatory terminals labeled with anti-VGAT and anti-VGLUT1 antibodies. Scale bar, 20 mm (B) Quantitative evaluation of GFP fluorescence performed in triple-stained cultures transduced with either WT-or Q555X-hSynI. The intensity of the GFP signal colocalizing with VGAT-and VGLUT1-positive puncta is expressed in percentage of the WT-SynI values as means + SEM (n ¼ 30 and n ¼ 25 for WT-and Q555X-hSynI, respectively). (C) Effects of the expression of either WT-or Q555X-hSynI on the mean (+ SEM) density of VGAT-and VGLUT1-positive puncta (n ¼ 30 and n ¼ 25 for WT-and Q555X-hSynI, respectively). (D-G) Morphometric analysis of SV distribution performed on electron micrographs obtained from inhibitory (D) and excitatory (E) synapses transduced with either WT-or Q555X-hSynI. Scale bar, 100 nm. The overall SV density and the frequency distribution of SVs in shells at increasing distance from the charge during the train (Fig. 3F ), resulting in a 2-fold increase in RRP tot in Q555X-hSynI synapses ( Fig. 3D and F) . The net increase in the total RRP in excitatory synapses, together with the substantial preservation of total RRP of inhibitory synapses ( Fig. 3E and F) , demonstrates a good correlation between the RRP size calculated using the cumulative total charge analysis and the number of docked SVs evaluated by electron microscopy (see Fig. 1H and I ). Taken together, the results show that the Q555X mutation decreases synchronous release in both inhibitory and excitatory synapses, albeit with distinct mechanisms, and increases asynchronous release in both synapse types, but with a much stronger effect on excitatory synapses, leading to an overall increase in the excitatory charge.
An ultrastructural readout of the average Pr during a fixed number of APs was previously proposed (20) (21) (22) . The method is based on the assumption that the ratio between exocytosis and endocytosis under 1 Hz stimulation is close to one (22) , making it possible to determine, at the ultrastructural level, the number of SVs that fuse in response to each stimulus using extracellular markers such as soluble horseradish peroxidase (HRP). By counting the number of HRP-containing SVs in serial sections of the synaptic terminal, it was possible to estimate the number of SVs that underwent a cycle of exoendocytosis during a fixed number of APs, yielding an evaluation of the average Pr (Supplementary Material, Fig. S3 ). In excitatory neurons expressing WT-hSynI, the number of docked SVs (6.0 + 0.7) and the number of SVs released per AP (0.25 + 0.04) were highly correlated (R ¼ 0.79; P , 0.001), as previously reported. On the other hand, excitatory neurons expressing Q555X-hSynI displayed a significantly increased number of docked SVs and a decreased percentage of SVs released by a single AP, consistent with a decreased Pr (Fig. 3H) . Inhibitory synapses were characterized by a broader distribution and higher number of SVs released per AP (0.37 + 0.06 and 0.42 + 0.05 for Q555X-and WT-hSynI, respectively) and by more numerous docked SVs when compared with excitatory synapses. However, no differences between Q555X-or WT-hSynI positive inhibitory synapses were observed in either the number of docked SVs or the fraction of SVs released by a single AP (Fig. 3G ).
Q555X-hSynI differentially alters STP at inhibitory and excitatory synapses
The distinct effects of Q555X-hSynI on the quantal parameters and on the dynamics of release brought us to investigate various forms of STP in Q555X-hSynI expressing neurons such as the responses to paired-pulses or high frequency stimulation (HFS). To study the response to paired-pulse stimulation, synapses were subjected to two consecutive stimuli at interstimulus intervals (ISI) ranging from 25 ms to 2 s. At short ISI (25 -50 ms), all Q555X-hSynI expressing synapses displayed an increased response to the second stimulus, resulting in a 3 -4-fold enhancement of paired-pulse facilitation (PPF) in excitatory synapses and in a slightly milder paired-pulse depression in inhibitory synapses ( Fig. 4A and  B) . The former effect was reminiscent of the phenotype observed in SynI KO mice (23, 24) and is consistent with the decrease in Pr observed with quantal and ultrastructural analyses (see Fig. 3F and H) .
Post-tetanic plasticity was studied by applying a stimulation train (1 s at the rate of 40 Hz), followed by single stimulations at 0.1 Hz (Fig. 4C and D) . As expected from the different Pr levels, inhibitory synapses expressed post-tetanic depression (PTD), whereas excitatory synapses expressed post-tetanic potentiation (PTP). Interestingly, Q555X-hSynI inhibitory synapses displayed a more intense PTD than WT-hSynI synapses, in the absence of significant changes in the latency after the tetanus (Fig. 4C) . On the contrary, Q555X-hSynI excitatory synapses exhibited a significantly larger PTP than WT-hSynI synapses, accompanied by a decrease in latency after the tetanus (Fig. 4D) .
Published data indicate that deletion of Syns enhances synaptic depression during sustained HFS, although the effect appears to be more intense at excitatory than at inhibitory synapses (2, 5) . SynI-transduced neurons were subjected to 30 s HFS to analyze the progressive decay of ePSCs amplitude during the train and the subsequent recovery from depression ( Fig. 5A and B) . Q555X-hSynI inhibitory synapses showed a lower steady-state current (SSC) during depression, with a significant shortening of the slow time constant of depression. Q555X-hSynI inhibitory synapses also displayed an impaired recovery after depression: the first response after the stimulus train was markedly smaller than in WT-hSynI synapses, and the SSC during recovery was significantly lower (Fig. 5C ). This result suggests that Q555X-hSynI impairs SV mobilization during sustained HFS in inhibitory synapses as a consequence of the reduced RP of SVs. In contrast, all depression parameters in Q555X-hSynI excitatory synapses were virtually unchanged, and the recovery kinetics was faster than WT-hSynI synapses, possibly due to a higher SV mobility (25, 26) and/or to a more efficient SV recycling (Fig. 5D ). These results suggest that the selective impairment of the RP observed in inhibitory synapses can drive an E/I imbalance during prolonged HFS caused by a defective SV mobilization in inhibitory synapses with a substantially preserved excitatory strength.
AZ are shown as mean + SEM for inhibitory (F) and excitatory (G) synapses expressing either WT-hSynI (black bars) or Q555X-hSynI (open bars). Inhibitory synapses expressing Q555X-hSynI were characterized by a decrease in total SV density attributable to a specific decrease in the pool of SVs more distant from the AZ, whereas the overall SV density and distribution were unchanged in excitatory synapses (inhibitory synapses: n ¼ 53 and n ¼ 55; excitatory synapses: n ¼ 50 and n ¼ 47; for WT-and Q555X-hSynI, respectively). (H and I) The number of SVs physically docked to the AZ was analyzed by serial electron microscopy and three-dimensional reconstructions of the AZ of inhibitory (H) and excitatory (I) synapses expressing either WT-hSynI or Q555X-hSynI. Scale bar, 100 nm. In the lower panels, data are plotted as cumulative distribution of docked SVs per AZ (left) and as mean + SEM (bar plot; right). Excitatory synapses displayed an increased number of physically docked SVs (P , 0.001, Kolmogorov-Smirnov test versus WT-hSynI distribution), whereas no differences were observed in inhibitory synapses. Inhibitory synapses: n ¼ 29 and n ¼ 39; excitatory synapses: n ¼ 20 and n ¼ 22; for WT-and Q555X-hSynI, respectively. * P , 0.05; * * P , 0.01; * * * P , 0.001; Student's t-test.
Q555X mutation alters oligomerization of hSynI and its subcellular distribution
Because SV clustering and maintenance of the RP are believed to occur partly through oligomerization of SynI with other Syns (1), we asked whether the Q555X mutation influenced the ability of SynI to oligomerize with other Syn isoforms. To answer this question, we performed co-immunoprecipitation experiments on neurons infected with GFP, WT-hSynI or Q555X-hSynI to test the interaction with SynII isoforms (Fig. 6A ). We found that the Q555X truncation virtually abolished the ability of SynI to interact with SynIIa and strongly reduced the interaction with SynIIb. These data indicate that SynI/SynII heterooligomerization, which is thought to play an important role in SV clustering, is strongly affected by the mutation.
To assess whether this impaired association of mutant SynI with SynII had any effect on the distribution of Q555X-hSynI in nerve terminals, we performed an ultrastructural analysis by immunogold labeling. As expected, both WT-hSynI and Q555X-hSynI were specifically enriched at presynaptic terminals ( Fig. 6B ). At rest, the distribution of WT-hSynI was comparable with that reported for the endogenous protein (27) and was characterized by fewer metal particles located near the plasma membrane, when compared with those located in the more central region of the synapse. Interestingly, a 2-fold larger amount of Q555X-hSynI was localized in proximity to the AZ under control conditions, whereas no differences in metal particles were observed in Zones II/III with respect to WT-hSynI (Fig. 6B ). When high K + stimulation was used to increase intraterminal Ca 2+ ,WT-hSynI redistributed more closely to the AZ on stimulation as previously reported (27) , whereas the distribution of Q555X-hSynI did not increase further with respect to the resting conditions (Fig. 6C ).
The excitatory/inhibitory imbalance in STP increases network hyperexcitability
Increased network excitability is a landmark of epileptogenesis. To address the question of whether changes in STP properties could underlie an increased excitability, we investigated the impact of mutant hSynI on the firing activity and excitability of primary neuronal networks using MEA (4) (Fig. 7A) . Under control conditions, Q555X-hSynI-transduced networks exhibited an over 2-fold increase in both firing ( Fig. 7B ) and bursting ( Fig. 7C) rates. To evaluate whether the spontaneous hyperexcitability was associated with impaired inhibition, enhanced excitation or both, network activity was challenged with bicuculline (BIC) to block GABA A receptors. Interestingly, BIC induced a general and marked increase in both firing and bursting rates ( Fig. 7B and C) in WT-hSynI networks, but this effect was greatly attenuated in Q555X-hSynI networks, so that the ratios between BIC and control conditions in Q555X-hSynI were lower than those in WT-hSynI for both spiking and bursting rates ( Fig. 7B and C) . No differences were observed in burst duration (Fig. 7D) or intra-burst frequency (Fig. 7E ) under all conditions analyzed. The spontaneous hyperactivity of Q555X-hSynI networks under basal conditions and the attenuation of the differences between the two experimental groups in the presence of BIC are reminiscent of what was observed in SynI KO cultures (4) and imply that a dynamic impairment of inhibitory transmission plays a fundamental role in the hyperexcitability of Q555X-hSynI networks.
DISCUSSION
In the last few years, several epilepsy and ASD candidate genes involved in synapse development, organization and plasticity have been identified, including genes encoding for (Right) Frequency distribution of latency times in inhibitory (A) and excitatory (B) synapses expressing either WT-hSynI (black bars) or Q555X-hSynI (color bars). The amplitudes were reduced and the latency times were increased by Q555X-hSynI expression for both eIPSCs and eEPSCs. For further details, see Table 1 . Inhibitory synapses: n ¼ 16 and n ¼ 11; excitatory synapses: n ¼ 10 and n ¼ 11; for WT-and Q555X-hSynI, respectively. (C and D). (Left) Miniature post-synaptic currents were recorded in inhibitory (C) and excitatory (D) synapses transduced with either WT-hSynI (black traces) or Q555X-hSynI (color traces) in the presence of TTX. (Right) The frequencies of mIPSCs and mEPSCs in WT-hSynI (black bars) and Q555X-hSynI (color bars) synapses are reported as mean + SEM. Inhibitory synapses: n ¼ 11 and n ¼ 8; excitatory synapses: n ¼ 17 and n ¼ 12; for WT-and Q555X-hSynI, respectively. * P , 0.05; * * P , 0.01; Student's t-test. (1 s at the rate of 40 Hz) was used to study the quantal properties of synchronous and asynchronous release in inhibitory (A) and excitatory (B) synapses transduced with either WT-hSynI (black profiles) or Q555X-hSynI (color profiles). Representative traces are shown. The cumulative curves of eIPSC (C) and eEPSC (D) total charge (in pC; left) and amplitude (in nA; right) were built, and the linear part was fit as described in the Materials and Methods section. (E and F) The total charge RRP (RRP tot ), the tonic charge transferred during the train (asynchronous charge, expressed in percentage of total charge), the RRP for synchronous release (RRP syn ) and release probability (Pr) were deduced from the cumulative curves in C and D and are shown as mean + SEM for inhibitory (E) and excitatory (F) transmission (n ¼ 7). (G and H) The SV release probability was also estimated by dynamic electron microscopy, by subjecting excitatory and inhibitory neurons to and Q555X-hSynI (color bars). Inhibitory synapses: n ¼ 15 and n ¼ 15; excitatory synapses: n ¼ 9 and n ¼ 12 for WT-and Q555X-hSynI, respectively. * * P , 0.01; * * * P , 0.001; Student's t-test.
presynaptic proteins (11, (28) (29) (30) (31) . The recently reported nonsense mutation in exon 12 of SYN1 (32) (C1792T, Q555X) was found in all affected individuals from a large FrenchCanadian family segregating epilepsy and ASD (14) . The implication of SYN1 in epilepsy and ASD was further strengthened by SYN1 missense mutations found in ASD and epileptic patients and by an additional nonsense mutation in exon 9 (G1197A, W356X) identified in a family affected by X-linked syndromic epilepsy that also included one individual affected by aggressive behavior and ASD (33) . Both epilepsy and ASD are manifestations of functional abnormalities of cortical circuits and coexist in about 20-30% of patients (34, 35) . The SYN1 mutations are the first mutations demonstrating that a common genetic defect can be at the basis of both pathologies and that a dysregulation of synaptic homeostasis can play a causal role in the pathogenesis of both diseases. We studied the physiological effects of the Q555X hSynI mutant by expressing it in primary hippocampal neurons from SynI KO mice. We preferred this experimental system to a human non-neuronal cell line, as such cell lines do not express the complement of presynaptic partners of Syns. In addition, a very high structural and functional conservation exists for the Syn gene family across species (1), and expression of WT-hSynI is able to rescue the developmental and synaptic phenotypes of SynI KO mouse neurons (14) . The Q555X mutation studied here maps in the D domain of hSynI, potentially generating a truncated protein that misses about half of the D domain and the COOH-terminal domains E/F for the Ia/Ib splice variants, respectively. Although the premature termination codon of Q555X-hSynI might in principle trigger degradation of the endogenous transcript through nonsensemediated decay (36), Q555X-hSynI was effectively translated in HeLa cells transfected with either complementary or genomic DNA (Data not shown) and expressed a truncated protein in primary SynI KO neurons that were correctly targeted to nerve terminals, similar to WT-hSynI [see Fig. 1C and Supplementary Material, Fig. S1 ; (14)]. Although the Q555X-SynI mutant was previously reported to delay axonal growth in early stages of neuronal development in vitro (14) , no effects were found on the density of excitatory and inhibitory synapses at the later developmental stage used in this paper. This observation fully agrees with the observation that SynI KO neurons display an early delay in axon outgrowth that is eventually caught up at later developmental stages, resulting in a normal synapse density (37).
SynI is not necessary for synaptic transmission, but it regulates synaptic strength through pre-and post-docking actions on SV trafficking that have different impact on excitatory and inhibitory transmission (see 1, for review), similar to what has been described for neuroligins (38) . Given the role of SynI in the modulation of release dynamics, we tested whether the Q555X mutation can modify the E/I balance and excitability at the network level by differentially altering basal transmission and/or STP paradigms in excitatory and Figure 4 . Mutant hSynI induces a marked increase in PPF and PTP in excitatory synapses and a more intense PTD in inhibitory synapses. (A and B) Paired pulse protocols were applied to inhibitory (A) and excitatory (B) synapses transduced with either WT-hSynI (black profiles) or Q555X-hSynI (color profiles) at ISI ranging from 25 to 1000 ms. The mean (+ SEM) PPR was calculated and plotted against ISI. Expression of Q555X-hSynI caused an attenuation of paired-pulse depression in inhibitory synapses and a strong enhancement of PPF at short ISI. Inhibitory synapses: n ¼ 8 and n ¼ 14; excitatory synapses: n ¼ 10 and n ¼ 11; for WT-and Q555X-hSynI, respectively. (C and D) The response to a tetanic stimulation (1 s at the rate of 40 Hz) was evaluated in inhibitory (C) and excitatory (D) synapses transduced with either WT-hSynI (black symbols/bars) or Q555X-hSynI (color symbols/bars). The amplitudes of the PSCs recorded after the train as a function of time after the tetanus and normalized to the baseline amplitude (left), as well as the relative changes in the latency of the PSCs after the train normalized for the respective baseline latency (right), are shown as mean + SEM. Inhibitory synapses expressing mutant hSynI display a more pronounced PTD, whereas excitatory synapses expressing mutant hSynI are characterized by an increased PTP and a decreased post-tetanus latency. Inhibitory synapses: n ¼ 7 and n ¼ 8; excitatory synapses: n ¼ 6 and n ¼ 8; for WT-and Q555X-hSynI, respectively. * * P , 0.01; Student's t-test.
inhibitory synapses. We found that mutant SynI impairs the correct synchronous coupling of SVs to the release machinery, resulting in a decrease in synchronous release and a compensatory enhancement of asynchronous release, particularly intense in excitatory synapses, with a shift of the total transferred charge from inhibitory to excitatory transmission during activity. Despite the similar impairment of evoked synchronous release, quantal analysis and dynamic EM showed that the impairment of evoked synchronous release was caused by a specific decrease in Pr in excitatory synapses and in RRP in inhibitory synapses. While the former effect is likely responsible for the enhancement of PPF and PTP in glutamatergic terminals, the decreased RRP in inhibitory terminals might be the consequence of the overall decrease in SV density and can account for the increased depression. These results underline that, notwithstanding the functional heterogeneity that characterizes excitatory and inhibitory synapses, SynI plays common post-docking actions, favoring a tighter coupling of SVs with the synchronous mechanism of release while restraining asynchronous release. Depression and recovery in inhibitory (C) and excitatory (D) synapses were individually fitted with bi-exponential (depression) or mono-exponential (recovery) functions to yield time constants (t) and SSCs after depression and recovery, respectively. The resulting parameters are shown as mean + SEM in the bar plots. The performance of Q555X-hSynI inhibitory synapses was specifically impaired both during the train and during recovery, whereas Q555X-hSynI excitatory synapses, unaffected during depression, showed faster recovery (inhibitory: n ¼ 8 and n ¼ 13; excitatory: n ¼ 8 and n ¼ 7; for WT-and Q555X-hSynI, respectively). * P , 0.05; * * P , 0.01; * * * P , 0.001; Student's t-test).
Despite similar effects on basal transmission, STP of excitatory and inhibitory synapses was affected in opposite directions by the SynI mutation. Indeed, excitatory synapses expressing mutant SynI showed markedly increased PPF, PTP and faster recovery from depression, but no change in synaptic depression extent and dynamics. On the contrary, inhibitory synapses displayed an enhancement of synaptic depression in response to both short and sustained HFS, with a marked slow down of the recovery from depression. The opposite effects of the SynI mutant on excitatory and inhibitory STP support the idea that an E/I imbalance in the STP domain might potentially underlie a state of hyperexcitability in neuronal networks expressing the mutant protein. Indeed, the analysis of the activity of neuronal networks expressing Q555X-SynI showed a clear-cut increase in both firing and bursting activities. Such increased excitability was largely dependent on the impairment of inhibitory synaptic transmission as shown by the scarce effects of the GABA A receptor blockade on the firing and bursting rates. This indicates that: (i) impairments in inhibitory transmission are more important in shaping network excitability than primary changes in excitatory transmission and (ii) network dynamics and excitability are highly dependent on STP dynamics of excitatory and inhibitory synapses rather than on their basal transmission properties.
It was of interest to compare the Q555X phenotype with that of SynI deletion to establish the extent to which the Q555X mutant of hSynI mimics the SynIKO phenotype. A detailed comparison of the electrophysiological and morphological phenotypes observed after expression of Q555X-SynI in SynI KO neurons with the corresponding phenotypes observed after deletion of SynI (Table 2 ) reveals that the Q555X mutant of hSynI fully phenocopies the mouse SynI KO phenotype in inhibitory neurons. As the data indicate that the inhibitory impairment is likely to be the primum movens in the SynIlinked epileptogenesis [(4); see Fig. 7 ], this conforms to a loss-of-function character of the Q555X mutation. However, in excitatory neurons, the mutant does not fully phenocopy the mouse SynI KO phenotype. Although it mimics the KO Figure 6 . Mutant hSynI displays an impaired association with SynIIa and an altered subcellular distribution in resting nerve terminals. (A) Coimmunoprecipitation experiments on neurons infected with GFP, WT-hSynI or Q555X-hSynI were performed to examine whether the Q555X mutation influences the ability of SynI to oligomerize with other Syn isoforms. Primary SynI KO neurons were infected at 6-7 DIV with GFP alone, WT-hSynI or Q555X-hSynI, lysed at 14 DIV and immunoprecipitated with anti-GFP antibodies. After electrophoretic separation of the immunocomplexes, membranes were probed with anti-SynIIa/IIb (aSynII) and anti-GFP (aGFP) antibodies, as indicated. A representative immunoblot is shown in the upper panel. In the lower panel, SynIIa/IIb immunoreactivity recovered in the IP samples and normalized to the binding of WT-hSynI is shown as mean + SEM (n ¼ 3 experiments performed on neurons derived from three independent litters). T, total lysate (50 mg); FT, flow-through fraction after immunoprecipitation (50 mg); IP, immunoisolated complexes. The Q555X truncation virtually abolished the ability of SynI to interact with both SynII isoforms, indicating that the mutation strongly affects the SynI/SynII heterooligomerization that is thought to play an important role in SV clustering. (B) Ultrastructural analysis by immunogold labeling revealed an enrichment of both WT-hSynI (closed bars) and Q555X-hSynI (open bars) at presynaptic terminals. Synapses were divided into three radial areas (I, II and III) from the AZ to the distal RP area, and the density of the immunogold particles was calculated and shown as mean + SEM (n ¼ 93 and n ¼ 90 synapses for WT-hSynI and Q555X-hSynI from three independent experiments). At rest, the distribution of WT-hSynI was comparable with that reported for the endogenous protein (27) and was characterized by fewer metal particles located near the plasma membrane, when compared with those located in the more central region of the synapse. Interestingly, a 2-fold larger amount of Q555X-hSynI was localized in proximity to the AZ under control conditions, whereas no differences in metal particles were observed in Zones II/III with respect to WT-hSynI. * * P , 0.01; ANOVA for repeated measures (mean gold particle density/synapse: 10.76 + 0.69 and 8.38 + 0.53 for WTand Q555X-hSynI, respectively; 1.15 + 0.15 negative control in the absence of primary antibody). (C) Depolarization with high K + (56 mM) was used to increase intraterminal Ca 2+ and to follow the redistribution of WT-and mutant hSynI at the ultrastructural level (n ¼ 87 and n ¼ 89 synapses for WT-hSynI and Q555X-hSynI from n ¼ 3 independent experiments; left). The depolarization-dependent translocation of WT-hSynI and Q555X-hSynI into Zone I, calculated in percentage of the respective density of immunogold particles under resting conditions, is plotted as mean + SEM (right). Whereas WT-SynI was translocated toward the AZ (Zone I) in response to depolarization as previously reported (27) , the distribution of Q555X-hSynI did not further increase with respect to the resting conditions. * P , 0.05; * * P , 0.01; Student's t-test.
phenotype in STP paradigms such as PPF and depression, it induces a decrease in release probability that may represent a specific gain-of-function of the mutant. This effect on release probability is likely responsible for the decreases in eEPSC amplitude and mEPSC frequency as well as for the increased number of docked SVs, all effects that are not detected in SynI KO neurons [ Table 2 and Supplementary Material, Fig. S4; (3,4,23,24,39 -43) ].
What could be the basis of the loss-of-function of the Q555X hSynI mutant? In addition to the previously shown impairments in the interactions with Src, CaMKII and Erk (14), we have found that, in co-immunoprecipitation assays, mutant hSynI is virtually unable to interact with SynIIa/IIb. This finding, therefore, underlines the importance of domain E present in Syns Ia and IIa and of its synergistic interaction with the central domain C, in mediating the SynI/SynII interactions as well as in regulating the maintenance of the RP and the post-docking steps of release (15, 44) . As Syn oligomerization is thought to play an important role in SV clustering (15, (44) (45) (46) , the impairment of SynI/SynII heterodimerization may result in an altered distribution of mutant SynI within nerve terminals. As a matter of fact, immunogold labeling at rest revealed a 2-fold higher amount of Q555X-hSynI close to the AZ with respect to WT-hSynI that did not further increase in response to depolarization. These data indicate that the Q555X mutation profoundly alters the subcellular distribution and the molecular interactions of SynI, with a potential impact in SV trafficking.
In this work, we show that the Q555X hSynI mutation affects excitatory and inhibitory transmission leading to E/I Figure 7 . Primary networks expressing mutant hSynI become hyperexcitable. (A) Primary SynI KO hippocampal neurons were grown onto MEA chips and transduced to express either WT-hSynI or Q555X-hSynI. A representative microphotograph of neurons on MEA (left) and representative raster plots of spontaneous activity at 20 DIV (right) showing spiking and bursting activities are shown.(B-E) Spike rate (B), burst rate (C), burst duration (D) and intra-burst spike frequency (E) were measured from the raster plots of spontaneous activity and are plotted (left panels) as mean + SEM for WT-hSynI (n ¼ 12; closed bars) or Q555X-hSynI (n ¼ 19; open bars) networks under basal conditions (black bars) or in the presence of BIC (gray bars). A significant increase in excitability, evaluated as spike and burst rates, was present in Q555X-hSynI networks with respect to WT-hSynI networks under basal conditions. These differences, however, virtually disappeared in the presence of BIC, with a more dramatic effect of the GABA A block in WT-hSynI networks than in Q555X-hSynI ones. The ratio between the individual values of each network parameter under BIC and basal conditions (BIC/base ratio) is plotted as mean + SEM (right panels).
* P , 0.05; * * P , 0.01; * * * P , 0.001; Student's t-test.
imbalance and network hyperexcitability. Our data are consistent with the idea that altered E/I balance and impairment of GABAergic systems are landmarks of numerous neuropsychological disorders, including epilepsy and ASD (7, 8, 47) . From a more physiological perspective, our results emphasize the key role of STP of excitatory and inhibitory synapses in shaping network dynamics, consistent with the filtering, integration and pattern detection activities operated by STP in neural networks (48) .
MATERIALS AND METHODS
Materials
The following primary antibodies were used: monoclonal anti-SynIIa/IIb (clone 19.21), monoclonal anti-Src (clone 327, Sigma-Aldrich, Milano, Italy) and polyclonal anti-GFP (A11122, Invitrogen, Monza, Italy). VGAT and VGLUT1 (Synaptic System, Gottingen, Germany). Amino-5-phosphonopentanoic acid (D-AP5), 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), CGP58845 BIC and tetrodotoxin (TTX) were from Tocris (Bristol, UK). Cell culture media were from Invitrogen. All other chemicals were from Sigma.
Primary cultures of SynI KO hippocampal neurons
SynI KO mice were generated by homologous recombination (37) . All experiments were carried out in accordance with the guidelines established by the European Community Council 
Virus production and neuron transduction
Sequences containing EGFP-WT-hSynIa and EGFP-Q555X-hSynIa were cloned into pLenti6.2/V5-Dest plasmids (Invitrogen). The production of VSV-pseudotyped third-generation lentiviruses was performed as previously described (49) . Viral titers ranging from 1.0 to 5.0 × 10 8 TU/ml were obtained for both WT-hSynI and Q555X-hSynI vectors. Primary hippocampal neurons were infected at six to 7 DIV at 10 multiplicity of infection. After 24 h, half of the medium was replaced with fresh medium. All experiments were performed between 12 and 18 DIV. The expression levels of WT-and Q555X-hSynI were assessed by GFP fluorescence.
Patch-clamp recordings
Patch electrodes, fabricated from thick borosilicate glass (Hilgenberg, Mansfield, Germany), were pulled and fire polished to a final resistance of 5 -7 MV. Whole-cell patchclamp recordings from post-synaptic neurons were performed using an Axon Multiclamp 700B/Digidata1440A system (Molecular Devices, Sunnyvale, CA, USA) and an upright BX51WI microscope (Olympus, Tokyo, Japan) equipped with Nomarski optics. Experiments were performed on 12-18 DIV neurons using an extracellular electrode to stimulate release from the presynaptic compartment of infected neurons in inhibitory synapses and dual patch clamp in excitatory synapses. ePSCs were recorded in extracellular solution (Tyrode solution) containing (in mM): 2 CaCl 2 , 140 NaCl, 1 MgCl 2 , 10 HEPES, 4 KCl and 10 glucose, pH 7.3. For inhibitory transmission, D-AP5 (50 mM), CNQX (10 mM) and CGP58845 (5 mM) were added to block NMDA, non-NMDA and GABA B receptors, respectively. For excitatory transmission, D-AP5 (50 mM) and BIC (30 mM) were added to block NMDA and GABA A receptors, respectively. Miniature PSCs were recorded with TTX (300 nM) in the extracellular solution. The size of the RRP of synchronous release (RRP syn ) and the probability that any given SV in the RRP will be released (Pr) were calculated using the cumulative amplitude analysis (50). 
The effects of SynI deletion (SynI KO) on the quantal parameters of basal release, STP paradigms and SV density in the distal and proximal pools are compared with a summary of the effects on the Q555X-SynI mutant expressed in SynI KO neurons. Reference to published papers are reported in parenthesis. (nd, not determined; ud, F. Benfenati et al., unpublished data. Symbols: , decrease; , increase; ¼, no effect; ≈, mild effect; §, Supplementary Material, Fig. S4 ).
RRP syn was determined by summing up peak PSC amplitudes during 40 repetitive stimuli applied at 40 Hz. The cumulative amplitude profiles of the last 15-20 data points were fitted by linear regression and back extrapolated to time 0. The intercept with the Y-axis gave the RRP syn and the ratio between the amplitude of the first ePSC (I 1 ) and RRP yielded the Pr. Asynchronous release was evaluated, for each response in train, as the difference between the total transferred charge and the synchronous charge. The synchronous charge component of each response was calculated as the integral of the current with respect to an individual baseline determined 2 ms before each stimulus (18, 19) , using a proprietary program developed in an R-CRAN environment. The total release during the train was calculated using cumulative charge analysis in the same way of cumulative amplitude analysis, to include in the analysis synchronous and asynchronous release components (51) . To study the response to paired-pulse protocols, we applied two consecutive stimuli at increasing interpulse intervals (25-1000 ms) . To analyze PTD and PTP, we applied a stimulus every 10 s after the tetanus (1 s at the rate of 40 Hz) and normalized the PSC amplitude to the baseline.
MEA recordings
Dissociated hippocampal neurons were plated onto a planar Muse MultiElectrode Array (Axion Biosystems, Atlanta, GA, USA). The electrode diameter was 30 mm, and the orthogonal distances between electrodes were 200 mm. The day before dissociation, the active electrode area was coated overnight with poly-D-lysine (0.1 mg/ml). On the day of the preparation, poly-D-lysine was substituted with a small drop (75 ml) of laminin (5 ml/ml, Sigma-Aldrich) diluted in Neurobasal. The Muse 64 channel amplifier (gain 1200, 61 dB) connected to an external hardware controller via a National Instrument analog-to-digital card was used to amplify extracellular raw data. Raw data were digitized at 20 kHz and stored on a hard disk for off-line analysis. Spike detection of single extracellular APs was performed using the Axion Biosystem software using a voltage threshold of six times the standard deviation of the noise over 200 Hz high-pass filtered traces. Spike train data were analyzed using the Neuroexplorer software (Plexon, Dallas, TX, USA). Bursts were detected using the burst analysis algorithm of Neuroexplorer with the following criteria: maximum inter-spike interval 200 ms, minimum burst duration 20 ms and minimum number of spikes per burst five. Cultures were recorded between 18 and 21 DIV under control conditions (substituting Neurobasal with Tyrode solution) in the MEA chamber maintained at 36.58C for at least 30 min. Then, BIC (30 mM) was applied to the bath, and the recording was continued for further 30 min.
Immunofluorescence
Primary hippocampal neurons were fixed with 4% paraformaldehyde, 4% sucrose in 0.12 M phosphate buffer, pH 7.4, rinsed several times in phosphate-buffered saline (PBS), blocked and permeabilized in 0.1% gelatin, 0.3% Triton X-100 in PBS. Samples were sequentially incubated with primary antibodies and fluorochrome-conjugated secondary antibodies (Invitrogen). After several washes in PBS, coverslips were mounted using Prolong Gold antifade reagent (Invitrogen). For quantification of the number of inhibitory and excitatory synapses, cultured neurons were stained for VGAT (1:500 dilution) and VGLUT1 (1:200 dilution). Images were acquired using a DS-Ri1 camera on an Eclipse 80i microscope equipped with a Planfluor 40×/0.75 objective (Nikon Instruments, Amstelveen, The Netherlands). The percentage of fluorescent VGAT or VGLUT1 puncta was automatically counted using the MetaMorph Count Nuclei application module (Molecular Devices). For the quantification of GFP fluorescence intensity, cultured neurons were stained with anti-GFP antibody (1:1000; Invitrogen). Digital images were acquired as above, and GFP intensity in the images was calculated using ImageJ after subtracting a threshold level of fluorescence.
To quantify GFP intensity in inhibitory and excitatory synapses, cultured neurons co-stained for GFP, VGAT and VGLUT1 were acquired using a 63× objective in a Leica SP5 confocal. The intensity of the GFP signal colocalizing with VGAT or VGLUT1, respectively, was quantified using the JACOP plugin of ImageJ (52) . The density of puncta was calculated as the number of vGLUT1-or vGAT-positive puncta per square micrometer.
Electron microscopy
For conventional transmission electron microscopy, primary cortical neurons were fixed with 1.3% glutaraldehyde in 66 mM sodium cacodylate buffer, post-fixed in 1% OsO 4 , 1.5% K 4 Fe(CN) 6 , 0.1 M sodium cacodylate, en bloc stained with 0.5% uranyl acetate, dehydrated and embedded in Epon. Ultrathin sections were contrasted with 2% uranyl acetate and Sato's lead solution, observed with a JEM-1011 microscope (Jeol, Tokyo, Japan) at 100 kV and imaged with an ORIUS SC1000 CCD camera (Gatan, Pleasanton, CA, USA). Synapses were divided into two groups according to their ultrastructural features: excitatory (asymmetric) synapses were distinguished by the presence of a thickened postsynaptic density, whereas inhibitory (symmetric) synapses were selected for the presence of pre-and post-synaptic membranes more parallel than the surrounding non-synaptic membrane and the absence of a prominent post-synaptic density. Synaptic area, SV number and distance from the AZ were quantified using the Image J software. For HRP uptake, hippocampal neurons were infected at seven DIV with EGFP-WT-hSynI or EGFP-Q555X-hSynI. Neurons were electrically stimulated at 14 DIV in the presence of 10 mM CNQX/ 50 mM AP5 and 10 mg/ml HRP by applying field 1 ms current pulses of 20 mA at 1 Hz for 30 s with an isolated pulse stimulator (AM-System M2100, X). Neurons were then washed, fixed with 1.3% glutaraldehyde in 66 mM sodium cacodylate buffer, incubated with 0.3 mg/ml 3 ′ ,3 ′ -diaminobenzidine/ 0.03% H 2 O 2 up to 30 min and further processed for conventional TEM preparation. Serial 60 nm sections were collected on carbon-coated formvar grids and imaged as described above. Synapses in which the AZ was clearly visible throughout the serial sections were imaged and the total numbers of HRP-positive and docked SVs were calculated. Preembedding immunogold electron microscopy was carried out as previously described (27) . Briefly, cultured neurons were fixed with 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4 for 1 h at room temperature. After several washes in PBS, coverslips were permeabilized in 5% normal goat serum/ 0.1% saponin in PBS for 1 h and incubated with rabbit anti-GFP (1:500 dilution) for 2 h. After several washes in 1% normal goat serum/0.1 saponin in PBS, neurons were incubated with 1.4 nm NANOGOLD Fab' fragment of goat anti-rabbit (1:100 dilution; Invitrogen), washed and fixed in 1.25% glutaraldehyde in PBS. NANOGOLD was amplified using silver enhancement (LI silver enhancement, Invitrogen) and neurons were treated with 0.2% OsO 4 for 30 min, 0.25% uranyl acetate overnight, dehydrated in ethanol and embedded in Epon. Due to the mild fixation used in the immunolabeling procedure, it was not always possible to unambiguously discriminate between symmetric and asymmetric synapses. Therefore, all synapse types were included in this analysis. The distances from the center of metal particles and the AZ were measured with the Image J software.
Immunoprecipitation
Primary neurons from SynI KO embryos were infected with GFP, GFP-WT-hSynI or GFP-Q555X-hSynI as described above. Cells were washed once in ice-cold PBS and lysed in RIPA buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 2 mM EDTA, NP40 1% and SDS 0.1%) plus protease inhibitors (complete EDTA-free protease inhibitors, Roche Diagnostic, IN, USA) for 30 min at 48C under constant agitation. After centrifugation at 16 000g for 15 min at 48C, protein concentration in the extract was quantified using the Bradford Protein Assay (BioRad, Segrate, Italy). Following protein extraction, lysates were precleared using 25 ml Protein A Sepharose Fast Flow (GE Healthcare, Milano, Italy) for 1 h at 48C. Precleared lysates were incubated overnight at 48C with 3 mg of GFP antibodies, and the immunocomplexes were then isolated by adding Protein A Sepharose for 2 h at 48C. SDS-PAGE and western blotting were performed using precast 10% NuPAGEw Novexw Bis-Tris Gels (Invitrogen). After incubation with primary antibodies, membranes were incubated with fluorescently conjugated secondary antibodies (ECL Plex TM goat a-rabbit IgG-Cy5 and ECL Plex TM goat a-mouse IgG-Cy3; GE Healthcare) and revealed by a Typhoon TRIO+ Variable Mode Imager (GE Healthcare).
Statistical analysis
Data were analyzed by paired/unpaired Student's t-test or, in case of more than two experimental groups, by one-way ANOVA followed by post-hoc multiple comparison tests using the SPSS software (SPSS, Inc., Chicago, IL, USA). Significance level was preset to P , 0.05. Data are expressed as means + SEM for number of cells (n). The normal distribution of experimental data was assessed using the KolmogorovSmirnov test.
